T he elderly population in the United States is growing. In 2010, there were over 11.2 million Americans at least eighty years of age, representing a 22% increase compared with 2000 1 . Lumbar stenosis and degenerative spondylolisthesis affect the aging population. A 2009 study using computed tomography found that 47% of individuals at least sixty years of age had lumbar spinal stenosis 2 . The number of surgical procedures for lumbar degenerative disease performed in the elderly, particularly spinal arthrodesis procedures, has increased substantially over the previous decade 3 . As the population ages, the growing demand for treatment of lumbar stenosis and degenerative spondylolisthesis will require a thorough understanding of effective treatment options for this specific group. In the future, limited health-care funds may drive payers to approve payment only for those treatments that are effective for a given patient population.
The operative treatment of lumbar stenosis and degenerative spondylolisthesis provides substantial lasting benefit compared with nonoperative care 4, 5 . This is best demonstrated by the four-year follow-up data on stenosis and spondylolisthesis from the Spine Patient Outcomes Research Trial (SPORT) 4, 5 . Those reports, however, did not specifically address the effect that patient age has on outcomes. The purpose of the present study was to assess the clinical outcomes of operative and nonoperative treatment of lumbar spinal stenosis and degenerative spondylolisthesis in patients at least eighty years of age.
Materials and Methods

Patient Population and Study Design
T he SPORT study design and methods have been published previously. Patients with stenosis of the lumbar spine, alone or combined with degenerative spondylolisthesis, were enrolled at thirteen centers throughout the United States 6, 7 . The trial was registered with clinicaltrials.gov (NCT00000411 and NCT00000409). The institutional review board at each participating center approved the SPORT protocol. The criteria for inclusion into the stenosis-only cohort were neurogenic claudication or radicular leg pain with associated neurological signs, spinal stenosis on cross-sectional imaging, symptoms that had persisted for at least twelve weeks, and physician confirmation that the patient was a surgical candidate. The patients who also had degenerative spondylolisthesis on standing lateral radiographs were analyzed separately in the SPORT study. Patients with spondylolysis and isthmic spondylolisthesis were excluded. The cohorts containing patients with stenosis alone and patients with stenosis combined with degenerative spondylolisthesis were combined and included in the present analysis.
Study Interventions
Patients with lumbar stenosis combined with degenerative spondylolisthesis were offered participation in either a randomized cohort or a concurrent observational cohort. Participants in the randomized cohort received a computergenerated random treatment assignment (operative or nonoperative treatment) blocked by center; those in the observational cohort chose their treatment with their physician. Patients who were to undergo surgery were designated to receive a lumbar laminectomy if they had stenosis alone or a lumbar laminectomy and arthrodesis if they also had degenerative spondylolisthesis. A set nonoperative treatment program was not specified, but the minimal requirements included active physical therapy, education and counseling with home exercise instruction, and nonsteroidal anti-inflammatory drugs; patients could also receive any additional therapies that their physician recommended. Extensive crossover occurred between the operative and nonoperative arms of the randomized cohort, and baseline characteristics and outcomes of both the patients with stenosis alone and those who also had degenerative spondylolisthesis were similar between the randomized and observational cohorts when analyzed by treatment. Thus, the randomized and observational cohorts were combined into an "as-treated" analysis. The methodology of this as-treated analysis of the combined randomized and observational cohorts has been described in previous publications 4, [6] [7] [8] [9] .
Study Measures
This study included data from patient-reported questionnaires completed at baseline, six weeks, three months, six months, one year, two years, and four years after enrollment or surgery (depending on whether nonoperative or operative treatment was being evaluated). The primary outcome measures were (1) the AAOS (American Academy of Orthopaedic Surgeons) MODEMS (Musculoskeletal Outcomes Data Evaluation and Management System) version of the ODI (Oswestry Disability Index), on which scores can range from 0 to 100, and (2) the physical function and bodily pain domains of the SF-36 (Short Form-36), on which scores can range from 0 to 100 10, 11 . The secondary outcome measures were (1) the Stenosis Bothersomeness Index, on which scores can range from 0 to 24; (2) the Low Back Pain Bothersomeness Scale, on which scores can range from 0 to 6; (3) patient satisfaction with current symptoms; and (4) patient self-reported improvement 12, 13 . Higher scores on the ODI, Stenosis Bothersomeness Index, and Low Back Pain Bothersomeness Scale are indicative of more severe symptoms. Higher scores on the physical function and bodily pain domains of the SF-36 are indicative of less severe symptoms.
Statistical Analysis
Patients with stenosis with or without degenerative spondylolisthesis were divided into two groups, those who were at least eighty years of age and those who were younger. Baseline characteristics of the two age groups were compared with use of a chi-square test (for categorical variables) or a t test (for continuous variables). Primary analyses compared operative and nonoperative treatments on the basis of changes from baseline to each follow-up time with use of mixedeffects longitudinal regression model; a random individual effect was included to account for correlation between repeated measurements within individuals, and a formal interaction term between treatment and age was included for comparing the treatment effect in subgroups. In this as-treated analysis, the treatment indicator was a time-varying covariate, thus allowing for variable dates of surgery. Time was measured from the beginning of treatment-i.e., the time of surgery for the operative group and the time of enrollment for the nonoperative group. Thus, for operatively treated patients, any changes from baseline that were recorded prior to surgery were included in the estimates of the nonoperative treatment effect, whereas changes from baseline that were recorded after the time of surgery were attributed to the surgery (and analyzed on the basis of the time since the surgery). Repeated measures of outcome were used as the dependent variables, and the treatment received was included as a time-varying covariate.
To adjust for potential confounding variables, baseline variables that were found to be associated with missing data or with the treatment received were included as adjusting covariates in longitudinal regression models. In addition, sex, treatment center, and baseline outcome scores (for the SF-36 and ODI) were included in such models. Secondary and binary outcomes were analyzed with use of generalized estimating equations (GEEs) that assumed a compound symmetry working correlation structure. The outcomes were stratified by age, and outcomes were compared between subgroups at each time point with use of a multiple-degrees-of-freedom Wald test. Overall differences between the subgroups across the four years of follow-up were also assessed with use of the area under the curve and a Wald test.
Calculations were made with use of SAS (version 9.2 for Windows XP Pro; Cary, North Carolina) procedures PROC MIXED (for continuous data) and PROC GENMOD (for binary and non-normal secondary outcomes). A p value of <0.05 (two-sided) was considered significant. Adjustments for 
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multiple comparisons were not made because the analyses in the present study do not represent multiple independent comparisons from which one is seeking a single significant result, but rather the longitudinal assessment over time of various aspects of the patient outcome (e.g., symptoms, function, and disability) 14 . 180 New condition 17 (2.3%) 0 *SPORT patients in the randomized and observational cohorts with spinal stenosis (alone or with degenerative spondylolisthesis). Surgical information was available for 742 patients younger than 80 yr and fifty-eight at least 80 yr of age. †Specific procedure data were available for 728 patients younger than 80 yr and fifty-seven at least 80 yr of age. ‡L4-L5 and L5-S1 data were available for 730 and 727 patients younger than 80 yr, respectively. §The values are given as the mean and the standard deviation. #No cases were reported of aspiration into the respiratory tract, nerve-root injury, or operation at the wrong level. **Any reported complications up to 8 wk after surgery. None of the following were reported: bone graft complication, cerebrospinal fluid leak, paralysis, cauda equina injury, and pseudarthrosis. † †1, 2, 3, and 4-yr post-surgery reoperation rates are Kaplan-Meier estimates, and p values are based on the log-rank test. Numbers and percentages are based on the first additional surgery if a patient had more than one additional surgery.
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Results
O
f the patients with lumbar stenosis (alone or combined with degenerative spondylolisthesis), 105 patients were at least eighty years of age (mean age [and standard deviation], 83.0 ± 2.8 years) and 1130 were younger (mean age, 63.7 ± 10 years). The baseline demographic characteristics, comorbid conditions, clinical findings, and health status measures of these two age groups are compared in Table I . At baseline, patients at least eighty years of age had higher prevalences of hypertension, heart disease, osteoporosis, and joint problems, but they had a lower BMI (body mass index) and lower prevalences of depression and smoking (p < 0.05). There were no baseline differences in the primary (ODI and SF-36 physical function and bodily pain scores) or secondary patient-reported clinical outcome measures (p > 0.05). Patients at least eighty years of age had greater prevalences of multilevel stenosis (involving three or more levels), severe stenosis, and asymmetric motor weakness.
Operative details, complications, and other events in the two age groups are compared in Table II . Fifty-eight (55.2%) of the patients who were at least eighty years of age underwent surgery (which involved decompression alone in 68% of these, noninstrumented arthrodesis in 14%, and instrumented arthrodesis in 18%). In contrast, 749 (66.3%) of the patients who were less than eighty years of age underwent surgery (which involved decompression alone in 47% of the 742 with available clinical follow-up data, noninstrumented arthrodesis in 13%, and instrumented arthrodesis in 40%). Patients at least eighty years of age had a significantly greater proportion of multilevel lumbar laminectomies (those involving three or more levels) compared with younger patients (60% compared with 32%, p < 0.001). The two age groups did not differ with respect to the rates of intraoperative and postoperative complications, reoperations, and postoperative mortality (p > 0.05). *Scores are adjusted for sex, education, income, work status, compensation, BMI, smoking status, hypertension, osteoporosis, heart problem, depression, joint problems, no. of moderate to severe stenotic levels, diagnosis, baseline score (for SF-36, ODI, and Stenosis Bothersomeness), and center. The area under the curve was used to calculate the average result over the four-year follow-up period. †The treatment effect is the difference between the operative and nonoperative mean change from baseline. ‡The SF-36 score can range from 0 to 100, with a higher score indicating less severe symptoms. §The ODI can range from 0 to 100, with a lower score indicating less severe symptoms. #The Stenosis Bothersomeness Index can range from 0 to 24, with a lower score indicating less severe symptoms. **The Low Back Pain Bothersomeness Scale can range from 0 to 6, with a lower score indicating less severe symptoms.
Primary and secondary outcome measures averaged over a four-year follow-up period are presented in Table III according to age group and treatment. For patients at least eighty years of age, improvement in all primary outcome measures from baseline was significantly greater in the operatively treated group. Specifically, the difference in improvement between operative and nonoperative treatment in the octogenarian age group was significant in favor of operative treatment for the SF-36 bodily pain score (7.5; 95% confidence interval [CI], 2.3 to 12.8), the SF-36 physical function score (9.6; 95% CI, 4.2 to 15.0), and the ODI (213.3; 95% CI, 217.6 to 29.0) (p < 0.05). The treatment effect in this age group compared with patients less than eighty years of age was significantly smaller for the SF-36 bodily pain score (7. Secondary outcome measures averaged over a four-year follow-up period are also presented in Table III . For patients at least eighty years of age, improvement in all secondary outcome measures from baseline was significantly greater in the operatively treated group. Specifically, the treatment effect in this age group was significant in favor of operative treatment for the Stenosis Bothersomeness Index (22.8; 95% CI, 24.4 to 21.2), the Low Back Pain Bothersomeness Scale (20.8; 95% CI, 21.2 to 20.3), the percentage of patients satisfied with symptoms (25.3%; 95% CI, 13.6% to 37%), and the percentage that selfrated progress as a major improvement (23.5%; 95% CI, 11.6% to 35.4%) (p < 0.05). The treatment effect in this age group compared with patients less than eighty years of age was significantly smaller for the percentage that self-rated progress as a major improvement (23.5% [95% CI, 11.6% to 35.4%] compared with 41.5% [95% CI, 38.3% to 44.7%] in the younger patients, p = 0.004) and statistically similar for the remaining secondary measures.
Discussion
A s the elderly population grows and health-care resources are limited, it is increasingly important to identify interventions that are effective at improving the quality of life of elderly patients with spinal disorders. Lumbar stenosis and degenerative spondylolisthesis are common and debilitating conditions in this patient population. Although operative treatment of these conditions has been shown to be effective for patients in general, few studies have addressed the effectiveness of operative treatment in patients who are eighty years of age or older 15, 16 . The SPORT data, with follow-up to four years, allows the assessment of the effects of nonoperative and operative management in this patient population. The present study specifically examined the octogenarian population with lumbar stenosis, some of whom also had degenerative spondylolisthesis. The results revealed that the operative treatment of lumbar stenosis with or without degenerative spondylolisthesis offers patients who are eighty years of age or older a substantial benefit over nonoperative treatment. After surgery, octogenarian patients had significant improvements in all recorded patient-reported health measures from baseline. Compared with patients less than eighty years of age, these patients had similar rates of intraoperative and postoperative complications and mortality. However, operative treatment may be more effective in patients less than eighty years of age, as indicated by the significantly greater treatment effect for the SF-36 bodily pain score in the younger patient group.
Some previous studies have assessed the affect of age on the outcome of lumbar spine decompression for stenosis. Jakola et al. 15 reported baseline, three-month, and twelve-month outcomes in a cohort of 101 patients at least seventy years of age who underwent lumbar decompression surgery for stenosis. There was no comparison group. Those authors reported significant improvements in the EQ-5D (EuroQol-5D) and ODI from baseline measurements at three and twelve months postoperatively. They reported an 18% overall complication rate and a 6% major complication rate, and they found that increased age did not predict a worse outcome following laminectomy. Nanjo et al. 16 recently performed a retrospective study comparing the outcomes of lumbar decompression surgery in patients at least eighty years of age and in younger patients. Of 702 consecutive patients treated with this surgery, only 241 (forty-six at least eighty years old and 195 younger) were included in the analysis and had adequate follow-up data at baseline and at least six months after surgery. The mean duration of follow-up was 14.4 months. The authors reported no significant difference in the JOA (Japanese Orthopaedic Association) scores preoperatively, at six months postoperatively, and at the time of the final follow-up 16 . Similar to our findings, there was no significant difference in complication rates between the two groups.
Although not directly relevant to the present study because they address revision surgery, Adogwa et al. 17, 18 reported the results of revision decompression and arthrodesis surgery in patients with lumbar pseudarthrosis (n = 17), adjacent-level disease (n = 28), and same-level recurrent stenosis (n = 24) who were at least sixty-five years of age. The authors found that patients who underwent such surgery for those disorders had significant improvement from baseline in the ODI score and the VAS (visual analog scale) score for back pain at two years of follow-up.
As with any study of clinical outcomes, there is the potential for both type-1 and type-2 error. When multiple comparisons are made, there is a risk of identifying a difference between groups that is the result of random chance rather than a true difference (a type-1 error). The analysis in the present study consisted of longitudinal assessments over time of various dimensions of the patient outcome (e.g., symptoms, function, and disability). Those were not multiple independent comparisons from which we were seeking a single significant result, and it is for this reason that we did not use a Bonferroni or similar correction for multiple comparisons. The various time points were not independently assessed but rather compared within the overall context of a longitudinal regression model across three complementary domains of the patient outcome. If there are conflicting findings regarding these domains of outcome, then one should be hesitant to accept the findings regardless of the p value or the level of significance, whereas consistent findings across the complementary dimensions of outcome should improve one's confidence that the findings are not due to chance. In the present study, the differences in outcome between operative and nonoperative treatment in patients at least eighty years of age were consistent in direction and significant across measures of symptoms, function, and disability.
There were confounding baseline variables that differed between patients at least eighty years of age and younger patients; these included underlying medical comorbidities, the severity and number of levels of stenosis, BMI, and smoking history. Furthermore, there were significant differences in the nature of surgery in the older and younger patient groups. Approximately 50% of patients in each age group had degenerative spondylolisthesis, but only 32% of patients at least eighty years of age (eighteen of fifty-eight) compared with 53% of younger patients (387 of 742) underwent arthrodesis. Although no significant differences in complications between age groups were seen in the study, the complication rate in the octogenarian age group would potentially have been higher if a similar proportion had undergone arthrodesis. Finally, the initial SPORT study was designed to compare operative with nonoperative treatment of lumbar stenosis and degenerative spondylolisthesis, and it was not powered to detect differences in outcomes according to patient age. The number of patients at least eighty years of age who underwent arthrodesis was relatively low, and it is possible that the study was underpowered to detect an actual difference in complication rates between age groups (a type-2 error). The differences in patient and surgical factors as well as the number of study patients must be considered when interpreting the results comparing patients at least eighty years of age with younger patients. Those differences in patient and surgical factors should not, however, affect the validity of the within-group comparison of preoperative and postoperative measures in the octogenarian patients.
The within-group comparison of preoperative and postoperative data in patients at least eighty years of age demonstrated significant improvements in patient-reported pain and function from baseline to four years of follow-up, with surgery offering significant benefit over nonoperative care in this patient population. The substantial treatment effect that surgery has been shown to have in prior SPORT studies of patients with stenosis and degenerative spondylolisthesis appears to have been maintained even among this octogenarian population [4] [5] [6] [7] . Although the cost-effectiveness of surgery for stenosis and degenerative spondylolisthesis has been established for the general patient population 19, 20 , further studies specifically analyzing cost data and improvement in quality of life will be needed to determine whether such procedures are also truly cost-effective in this elderly and retired population. n
